Chiral amines are widely used as catalysts in asymmetric synthesis to activate carbonyl groups for a-functionalization. Carbonyl catalysis reverses that strategy by using a carbonyl group to activate a primary amine. Inspired by biological carbonyl catalysis, which is exemplified by reactions of pyridoxal-dependent enzymes, we developed an N-quaternized pyridoxal catalyst for the asymmetric Mannich reaction of glycinate with aryl N-diphenylphosphinyl imines. The catalyst exhibits high activity and stereoselectivity, likely enabled by enzyme-like cooperative bifunctional activation of the substrates. Our work demonstrates the catalytic utility of the pyridoxal moiety in asymmetric catalysis. E namine catalysis is a powerful activation mode in organocatalysis (Fig. 1A) (1-3). The process involves conversion of carbonyl compound 1 into enamine 4 through imine intermediate 3 (an iminium intermediate if a secondary amine is applied) and is catalyzed by amine 2 (4). Nucleophilic addition of the activated enamine to an electrophile can proceed to yield substituted carbonyl 6. On the other hand, the formation of imine 3 also increases the a-H acidity of amine 2 (5-7) to facilitate formation of the a-amino carbanion 7 (8, 9), which can also react with an electrophile to produce 8 (10). If the product 8 can be hydrolyzed under the reaction conditions to regenerate 1, it would be possible to use the carbonyl compound 1 as a catalyst (11) to promote a-functionalization of amine 2.
namine catalysis is a powerful activation mode in organocatalysis ( Fig. 1A ) (1) (2) (3) . The process involves conversion of carbonyl compound 1 into enamine 4 through imine intermediate 3 (an iminium intermediate if a secondary amine is applied) and is catalyzed by amine 2 (4). Nucleophilic addition of the activated enamine to an electrophile can proceed to yield substituted carbonyl 6. On the other hand, the formation of imine 3 also increases the a-H acidity of amine 2 (5-7) to facilitate formation of the a-amino carbanion 7 (8, 9), which can also react with an electrophile to produce 8 (10) . If the product 8 can be hydrolyzed under the reaction conditions to regenerate 1, it would be possible to use the carbonyl compound 1 as a catalyst (11) to promote a-functionalization of amine 2.
a-Functionalization of primary amines has been used extensively to make pharmaceutically relevant compounds (12, 13) . This transformation usually involves three steps, including protection of the NH 2 group with stoichiometric aldehydes or ketones before reaction and deprotection to release the desired free amines after reaction. In contrast, the carbonyl-catalyzed process eliminates the protecting manipulations and is atom economical (14, 15 ). An ideal reaction should meet the following requirements: (i) Carbonyl catalyst 1 must be electronwithdrawing enough to promote deprotonation to form a-amino anion 7 for further reaction with an electrophile; (ii) both the carbonyl catalyst 1 and the imine intermediate 3 should be much less reactive than the electrophile in competition for the active a-amino anion 7 under the reaction conditions; and (iii) for an asymmetric version, carbonyl catalyst 1 should control positioning of the incoming electrophile. Development of such carbonyl catalysts is thus a formidable challenge in organic chemistry.
In biological systems, pyridoxal-dependent aldolases can act as carbonyl catalysts for direct a-functionalization, as in the aldol reaction of glycine (16) (17) (18) . The enzymatic process can provide a straightforward way to synthesize pharmaceutically important chiral b-hydroxy-aamino acids and derivatives (16) , such as Parkinson drug L-threo-3,4-dihydroxyphenylserine (19) and drug candidate (2R,3S)-2-amino-3-hydroxy-3-(pyridin-4-yl)-1-(pyrrolidin-1-yl)propan-1-one (20) , without protecting manipulations. The mechanistic pathway is exemplified by the widely investigated threonine aldolase-catalyzed aldol reaction of glycine depicted in Fig. 1B (21) . The enzymatic condensation of glycine and pyridoxal-5′-phosphate (PLP) forms aldimine 13. Deprotonation of 13 produces resonance-stabilized carbanion 14, which undergoes addition to aldehyde 11 and subsequent hydrolysis to form b-hydroxy-a-amino acid 12 and regenerate PLP. Studies on imitating the biological process, contributed by Kuzuhara (22, 23) and Breslow (24) and coworkers, have shown that stoichiometric chiral pyridoxals can promote aldol addition of glycine to aldehydes in the presence of metal salts, producing b-hydroxy-aamino acids with moderate enantioselectivity and low diastereoselectivity. Recently, Richard and coworkers found that 5′-deoxypyridoxal promotes Mannich addition of glycine to glycine-5′-deoxypyridoxal imine to form the corresponding Mannich adduct (25, 26) . These studies, together with those on the enzymatic aldol reaction of glycine (16) (17) (18) (19) (20) (21) , have laid a foundation for the development of asymmetric carbonyl catalysts.
The Mannich reaction of glycinate yields a,b-diamino acid derivatives that have synthetic utility and biological activity (27, 28) [for selected pharmaceutically active molecules containing an a,b-diamino acid moiety, see fig. S1 in supplementary materials (SM)]. We have developed chiral pyridoxal and pyridoxamine catalysts capable of asymmetric transamination (29, 30) of a-keto acids (31, 32) . These chiral pyridoxals were our starting point for the design of carbonyl catalysts for a biomimetic Mannich reaction. During the enzymatic aldol reaction, the coenzyme pyridoxal is protonated at the pyridine nitrogen (Fig. 1B ) (21) , increasing the electron-withdrawing property of the pyridoxal and thus greatly improving its capability to activate the a-H of glycine. However, outside of the context of an enzyme, this proton will be readily removed by bases in a reaction mixture. To circumvent this problem, we designed N-quaternized biaryl axially chiral pyridoxal 16b (Fig. 1C) . Chiral acid 20 (32) was condensed with amino alcohols to afford compounds 21 in 80 to 97% yields ( Fig. 2) (for the synthesis of 20, see SM). We propose that the b-hydroxy amide side chain will activate the imine substrate during catalysis (33, 34) . Treatment of 21 with methyl iodide (MeI) followed by deprotection with HCl yielded N-quaternized pyridoxals 16a to 16f as dark brown salts.
In the presence of 1 mole % (mol %) pyridoxal (R,S)-16b, reaction of tert-butyl glycinate (17) with N-diphenylphosphinyl imine 18a occurred successfully, generating diamino acid ester 19a in a 90% yield with a >20:1 diastereomeric ratio (dr) and 99% enantiomeric excess (ee) (SM and table S1, entry 2). The structure and absolute configuration of the major diastereomer anti-19a were confirmed by x-ray analysis of its acetyl derivative (2R,3R)-19a-acetyl (SM and fig. S3 ). No reaction was observed without 16 present (table S1, entry 7). Catalyst (R,S)-16b is the most efficient in terms of yield and selectivities among the pyridoxals (16a to 16f) examined (table S1, entry 2 versus entries 1 and 3 to 6). A mixed system of CHCl 3 -H 2 O (1:1) was the choice of solvent. Further studies showed that ethyl and benzyl glycinates both produced the corresponding diamino acid esters with 99% ee but with somewhat lower yields than tert-butyl glycinate (65 and 64% versus 90%) (SM and table S2).
Under the optimized conditions, we examined the substrate scope of the imine fragment (Fig. 3) . Monosubstituted (for 19a to 19m) and polysubstituted (for 19n to 19p) phenyl imines as well as fused-aromatic imines (for 19q to 19t) reacted smoothly with glycinate 17 in the presence of 1 mol % pyridoxal (R,S)-16b, generating the corresponding a,b-diamino acid esters 19a to 19t in good to excellent yields with excellent diastereo-and enantioselectivities. With 0.2 mol % of 16b, reaction of imine 18a and 17 can still be completed in 11 hours to yield product 19a without any loss of selectivities. Imines containing electron-withdrawing substituents such as CN (for 19f), CF 3 (for 19l), and pyrazole (for 19h) exhibit somewhat lower enantioselectivity. Heteroaromatic imines (for 19u to 19ab) are also effective for the reaction. Imines (for 19ac to 19ae) bearing biologically active chiral moieties produced the corresponding a,b-diamino acid esters with excellent enantiopurities. A double asymmetric Mannich reaction was demonstrated by substrate 22. Tetraamino diacid ester 23 was obtained in a 69% yield as a single enantiomer. Alkyl imines are not effective for the reaction, probably because of the rapid decomposition of the imines under the reaction conditions ( fig. S4) (35) .
The a,b-diamino acid ester products are synthetically useful and biologically important (Fig. 4A) (27) . Treatment of compound 19a with HCl in MeOH led to selective removal of the diphenylphosphinyl group to produce NH 2 -free diamino acid ester 24. After treatment with 3.0 M aqueous HCl, enantiopure diamino acid 25 and tetraamino diacid 26 were obtained in a 90% yield from 19a and in an 81% yield from 23, respectively. Mannich adduct 19e can be converted to chiral diamino alcohol 27 in a 73% yield in two steps.
A plausible catalytic mechanism was proposed for the reaction (Fig. 4B) . Condensation of pyridoxal catalyst (R,S)-16b with glycinate 17 forms aldimine 28. Deprotonation of a-C-H of 28 generates active carbanion 29, which then undergoes asymmetric addition to imine 18 and subsequent hydrolysis to form a,b-diamino acid ester 19 and regenerate catalyst 16b, completing a catalytic cycle. This proposed catalytic pathway imitates the enzymatic glycine aldol process (Fig. 1B) (21) . The formation of imine 28 between catalyst 16b and glycinate 17 not only temporarily protects the NH 2 group of 17 but also greatly activates its a proton. N-quaternization of pyridoxal 16b increases its electron-withdrawing capability to stabilize delocalized carbanion 29, resulting in marked increase of catalytic activity. This is supported by the inactivity of pyridoxal 32 without N-methylation for the reaction (Fig. 4C) .
The side chain of catalysts 16a to 16f influences activity and selectivity (SM and table S1). To explain the side-chain effect as well as the origin of chirality, we propose the orientation for the addition of carbanion 29 to imine 18, as shown in structure 30 (Fig. 4B) . As glycinate 17 is deprotonated to yield the delocalized carbanion, imine 18 is also activated by the side chain through hydrogen bonds with the N-H and O-H moieties. We thus propose that the catalyst not only activates both of the substrates but, similar to an enzyme, also orients the addition by bringing the two reactants together with a specific spatial arrangement. This cooperative bifunctional activation mode (36) leads to product (2R,3R)-19 with excellent selectivities. The proposed transition state is further supported by control experiments (Fig. 4, C and D, 16g and 16h versus 16b) . Methylation of the N-H or O-H group of the side chain led to decreases in activity and in diastereoand enantioselectivities, likely because the methylation weakens or eliminates the hydrogen bond with the imine 18 (33, 34). t Bu, tert-butyl; Ph, phenyl. 
